Background: Information is limited regarding the prevalence, management, and outcome of hypoxemia among intensive care unit (ICU) patients. We assessed the prevalence and severity of hypoxemia in ICU patients and analyzed the management and outcomes of hypoxemic patients.
Background
Hypoxemia is frequent and potentially life-threatening in critically ill patients. However, the prevalence, management, and outcomes of hypoxemia in non-selected intensive care unit (ICU) patients are poorly known. Most epidemiological studies have specifically focused on patients under mechanical ventilation [1] [2] [3] or those with criteria for acute respiratory distress syndrome (ARDS) [4] [5] [6] [7] [8] [9] , and none covered the entire spectrum of the whole hypoxemic patients. Whereas mechanical ventilation may be needed in non-hypoxemic patients, a number of hypoxemic patients are treated with oxygen while breathing spontaneously. The proportion of hypoxemic patients treated with standard or high-flow oxygen therapy and without need for mechanical ventilation is unknown among the whole patients in the ICU. Moreover, whereas the severity of hypoxemia was directly associated with mortality in patients with ARDS [10] , this relation is not demonstrated among the other hypoxemic patients, especially in non-intubated patients. Finally, the Open Access relationship between respiratory support, hypoxemia severity, and outcome is not straightforward. It appears then important to provide epidemiological data regarding these gaps of knowledge that could help to design future trials on acute respiratory failure.
Therefore, we designed a large, multicenter, 1-day point prevalence study to measure the prevalence of hypoxemia (defined as a PaO 2 /FiO 2 ratio ≤ 300 mmHg) among all ICU patients regardless of their oxygenation device and to stratify them according to the severity of hypoxemia (PaO 2 /FiO 2 between 300 and 201 in mild, between 200 and 101 in moderate, and below or equal to 100 mmHg in severe). We also analyzed the potential impact of hypoxemia and its severity on outcome.
Patients and methods

Study design
The SPECTRUM study was a 1-day point prevalence study, endorsed by the French Intensive Care Society (Société de Réanimation de Langue Française: www.srlf. org) and conducted during the spring of 2016 in 117 ICUs in 7 French-speaking countries (62 general ICUs, 36 medical ICUs, 19 surgical ICUs). Additional file 1: Table S1 lists the participating centers and their characteristics. All patients already hospitalized in a participating ICU or newly admitted the day of the study could be enrolled. Exclusion criteria were refusal to participate and in France, being under guardianship, without social insurance, or being pregnant. Approval by the ethics committees according to the laws of each participating country was obtained (CE SRLF . In France, EC waived from written informed consent, and according to French law, the absence of opposition was obtained from patients or a next of kin before study enrollment.
Definitions
Hypoxemia was defined as a PaO 2 /FiO 2 ratio of 300 mmHg or less [5] . We stratified hypoxemia severity as mild for PaO 2 /FiO 2 between 300 and 201 mmHg, moderate for PaO 2 /FiO 2 between 200 and 101 mmHg, and severe for PaO 2 /FiO 2 below or equal to 100 mmHg. ARDS was defined according to the Berlin definition [10] . Each single criterion of the ARDS definition was collected separately in the case report form. Patients fulfilling all the criteria were classified as having ARDS. Potential causes of ARDS were collected independently of the presence of hypoxemia and ARDS. Other causes/ mechanisms of hypoxemia were also collected.
Oxygenation administration was classified as: no oxygen supply (ambient air), low-flow (conventional) oxygen whatever the device used (nasal cannula, mask, tracheostomy), high-flow oxygen through nasal cannula, noninvasive ventilation (NIV) whatever the modalities of ventilation, invasive ventilation through tracheal intubation or tracheostomy, and extracorporeal oxygenation. Patients with intermittent modes were classified with the mode in use at the time of data collection.
Data collection
All data were assessed at the time of arterial blood gas measurement during the morning round. In cases where no arterial blood was drawn, data were recorded when the patient had an SpO 2 ≤ 97%. Follow-up was restricted to ICU stay and censored at day 90 after the study day.
PaO 2 /FiO 2 determination
PaO 2 and FiO 2 were recorded simultaneously. In the case of low-flow oxygen without an FiO 2 setting device, we calculated FiO 2 as 0.21 + (oxygen flow rate in liters per minute × 0.03) [11] . In the absence of PaO 2 measurement, we estimated the PaO 2 /FiO 2 ratio through the SpO 2 /FiO 2 ratio using the equation proposed by Rice et al. [12] , using a SpO 2 ≤ 97% because the Rice equation cannot infer PaO 2 at higher SaO 2 given the sigmoid relationship between SaO 2 and PaO 2 .
In mechanically ventilated patients, we measured the following parameters: expired tidal volume (V t ), measured respiratory rate, set positive end expiratory pressure (PEEP) and plateau pressure and PEEP during an inspiratory and expiratory pause in patients in volume control mode without spontaneous breathing. We calculated the driving pressure by subtracting total PEEP from plateau pressure [13] .
Statistical analysis
Prevalence of hypoxemia was computed using the total number of patients included as the denominator, and the 95% confidence interval was estimated (95% CI). We compared the three groups of hypoxemic patients with different degrees of severity in terms of baseline characteristics, comorbidities, and respiratory conditions. Quantitative variables were described as mean (SD) or median (25th-75th centiles), as appropriate, and compared using Student's t test or the Wilcoxon-Mann-Whitney test. Qualitative variables were described as counts (%) and compared using the χ 2 or the Fisher exact test, as appropriate. The completeness of the database is indicated in tables. No imputation was used for missing data.
Overall survival was estimated using the Kaplan-Meier method, and survival curves were compared according to the severity of hypoxemia using the log-rank test for categorical variables and the Wald test based on a univariate Cox model for quantitative variables. Among hypoxemic patients, Cox proportional hazards regression was performed to estimate unadjusted hazard ratios and their 95% CI. Variables associated with p values < 0.20 were selected for multivariable analyses. Confounders and interactions were tested in bivariate models. The proportional hazards assumption was assessed statistically using the Schoenfeld residuals test.
All tests were two-sided, and p values < 0.05 were considered significant. Analyses were conducted using Stata v12.1 (StataCorp LP, College Station, TX, USA).
The study was registered in Clinical trials: NCT 02722031.
Results
Characteristics of hypoxemic patients
Of the 1748 patients hospitalized in the participating ICUs the day of the study, 1604 were included. Flowchart of the study is given in Fig. 1 . The general characteristics of the patients are reported in Table 1 . The day of the study, 859 (54%, 95% CI 51-56%) patients were hypoxemic. Comparison between hypoxemic and non-hypoxemic patients is reported in Additional file 1: Table S2 . Among the hypoxemic patients, 440 (51%) had mild, 345 (40%) moderate, and 74 (9%) severe hypoxemia. The causes and mechanisms of hypoxemia are given in Table 2 . Pneumonia was the main cause of hypoxemia (53%), but there were a median of 2 [1] [2] [3] causes/ mechanisms of hypoxemia per patient. A total of 178 (21%) patients fulfilled the criteria for ARDS: 65 (37%) had mild, 82 (46%) moderate, and 31 (17%) severe ARDS. ARDS exclusion criteria among the other 228 hypoxemic patients with bilateral infiltrates are shown in Additional file 1: Table S3 . Even though the frequency of ARDS increased with severity of hypoxemia (p < 0.001), it represented less than 50% of severely hypoxemic patients ( Table 2) .
Of the 1604 patients, 1110 (69%) had an arterial blood gas analysis (ABG) the day of the study. This proportion reached 87% (n = 749) in hypoxemic patients. ABG revealed that the most severely ill patients had the highest level of PaCO 2 and the lowest level of PaO 2 ( Table 3) .
Modalities of oxygen administration are reported in Table 3 . Nearly 40% of the hypoxemic patients and 25% of the most severely ill were managed with non-invasive devices. Twenty-five per cent of patients on highflow oxygen were severely hypoxemic, compared with less than 10% on NIV. Sixteen percent of these patients required later invasive ventilation in their ICU stay whatever the mode of support received the study day (Additional file 1: Figure S1 ). Causes and radiological finding according to the modalities of oxygen supply are depicted in Table 4 . Adjunctive therapies designed to improve oxygenation beyond ventilation were mostly used in the severely hypoxemic patients, the most frequent being neuromuscular blockers, followed by extracorporeal membrane oxygenation, inhaled nitric oxide, and prone positioning ( Table 3) .
Ventilator settings in patients on invasive mechanical ventilation
Among hypoxemic patients under invasive mechanical ventilation, the measured median V t was 6.9 [6.1-7.9] (Table 3) . PEEP was set at 6 [5-10] cmH 2 O in the whole cohort and increased with the severity of hypoxemia to a median of 10 [8-12] cmH 2 O in the severely hypoxemic patients. Whereas plateau pressure increased with severity of hypoxemia, median driving pressure was below 15 cmH 2 O and similar in the 3 groups of patients (Table 3) .
Outcomes
Median ICU length of stay was 12 days and ICU mortality was 20% in the 1604 patients of the study. In the hypoxemic population, median ICU length of stay was higher (16 [7-32] vs 8 [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] days in non-hypoxemic patients, p < 0.001) but not related to the severity of hypoxemia even when looking only at the patients leaving the ICU alive (Table 3) ventilation had the longest stay in the ICU and the highest mortality (Table 4 ). ICU mortality was 12% in non-hypoxemic patients and 27% in hypoxemic patients (p < 0.001). ICU mortality increased with severity of hypoxemia: 21% in mildly, 29% in moderately, and 51% in severely hypoxemic patients (p < 0.001) ( Table 3 and Fig. 2 ) and with invasiveness of ventilator support (Table 4 ). Additional file 1: Table S4 reports the ICU mortality according to ventilator support and hypoxemia class.
. Patients with invasive
Multivariate analysis
Taking into account the variables associated with ICU mortality in univariate analysis (Additional file 1: (Table 5 ). We performed several sensitivity analyses to strengthen this result (Additional file 1: Table S6 ): first, including the oxygen support in the analysis, second analyzing only patients with a PaO 2 /FiO 2 ratio based on actual PaO 2 and FiO 2 , third excluding patients on chronic oxygen therapy or chronic NIV, and fourth excluding patients with therapeutics withholding/withdrawing. These analyses show similar results, although moderate hypoxemia was no longer significantly associated with mortality (Additional file 1: Table S6 ). Moreover, analyzing the PaO 2 / FiO 2 ratio as a continuous variable in the same model 
Discussion
This large, multicenter study gives for the first time data on the prevalence of hypoxemia in non-selected ICU-hospitalized patients. Strikingly, though more than half of the patients hospitalized in ICUs the day of the study were hypoxemic, 79% did not fulfill the criteria of ARDS according to the Berlin definition [10] . The prevalence of ARDS, albeit greater in the most hypoxemic patients, was still less than half (42%). Our results highlight also that hypoxemia is frequent among non-ventilated patients. The other main result of our study is that among hypoxemic patients, moderate and severe hypoxemia compared to mild hypoxemia was independently associated with higher ICU mortality. Data concerning hypoxemia in unselected ICU patients, regardless of the presence of ARDS or the use of mechanical ventilation, are rather scarce, and we think this is strength of the SPECTRUM study to have included patients with all types of oxygenation devices.
In the LUNG-SAFE study, hypoxemia was less frequent (35%), but all the patients considered in the analysis received ventilatory support [4] , unlike those analyzed in our study. In another study focusing on ARDS [5] , the incidence of hypoxemia was 50% among ventilated patients, but no data on non-invasively ventilated patients were given. The prevalence of ARDS in the SPECTRUM study was 21% in hypoxemic patients, leading to an overall prevalence of 11% of included patients. This prevalence rate is close to the incidence found in the LUNG-SAFE study, in which 10.4% of the patients admitted in the ICU (23% of the mechanically ventilated patients) met the criteria for ARDS. Other studies, using the 1994 ALI/ARDS definition, reported similar results [5] or higher incidence [7, 8] .
The presence of hypoxemia was associated with higher mortality and ICU length of stay, and the association with mortality was even stronger in the group of patients with severe hypoxemia. Severe hypoxemia was still associated with mortality after adjustment on respiratory support and in several sensitivity analyses, strengthening this result. This association is not so straightforward as several interventions known to improve PaO 2 /FiO 2 Fig. 2 Survival curve according to hypoxemia severity. Survival curves were drawn according to the severity of hypoxemia using the Kaplan-Meier method and were compared using the log-rank test. Follow-up ended at the ICU leaving or was censored at day 90 ratio failed to reduce mortality [14] or were even detrimental [15, 16] , suggesting that improving PaO 2 /FiO 2 ratio cannot be an isolated therapeutic goal. Interestingly, ICU mortality among patients with mild-to-moderate hypoxemia was lower than that reported in patients with mild-to-moderate ARDS [4] . Conversely, mortality in our severely hypoxemic patients was close to that of severe ARDS patients described in other large studies. This result may be due to the fact that ARDS accounted for almost half of the severely hypoxemic patients in our cohort but also to the fact that similar pathophysiological mechanisms may be involved in severe hypoxemic patients with or without ARDS. For instance, pneumonia and aspiration as a cause of hypoxemia were more frequent in the most severe patients compared to other frequent causes of hypoxemia (see Table 2 ). Further studies should try to decipher the respective roles of ARDS and hypoxemia in the prognosis. Invasiveness of respiratory support was also associated with mortality in univariate analysis, but time-dependent multivariate analysis did not confirm this association. Indeed, roles of respiratory support and severity of hypoxemia in mortality have a complex interplay as the most severe patients received the more invasive support and as respiratory support is not fixed across disease course. Our data suggest that severity of hypoxemia assessed by the P/F ratio a given day is associated with mortality whatever the ventilator support needed in line with other study [17] . This finding may be useful in clinical practice to assess even roughly the severity of hypoxemia and the potential impact on outcomes.
We also evaluated the oxygenation devices used and the ventilator settings in hypoxemic patients. High-flow oxygen and NIV were not rare, even among severely hypoxemic patients. Almost 20% of the patients with a PaO 2 /FiO 2 ratio ≤ 100 were not on invasive mechanical ventilation, despite the fact that several studies have shown that NIV for de novo hypoxemic respiratory failure is associated with a poorer outcome in patients who finally required invasive mechanical ventilation [18] [19] [20] . We included all patients in the ICU and presenting hypoxemia (both de novo acute respiratory failure and acute on chronic respiratory failure), and it may be that those patients with severe hypoxemia on NIV had severe chronic respiratory failure or severe cardiogenic pulmonary edema. High-flow oxygen therapy was recently shown to have beneficial effects in patients with a PaO 2 / FiO 2 ratio ≤ 200, as compared with standard oxygen and NIV in a randomized controlled trial [11] . However, the outcome of patients with the most severe hypoxemia receiving high-flow oxygen is unknown. Interestingly, in our study, high-flow oxygen was proportionally more frequently used in the most severely ill patients.
In mechanically ventilated patients, hypoxemia was associated with the use of "protective ventilation" in most cases with low V t and higher PEEP, permissive hypercapnia and hypoxemia resulting in median plateau and driving pressures below the commonly admitted thresholds. Whereas reduced tidal volume appeared beneficial in observational studies among non-ARDS patients [21] and is currently the object of ongoing trials, the value of other protective strategies such as reducing driving pressure, increasing PEEP, or prone positioning may deserve evaluation in this population. The use of adjunctive therapies was correlated with the degree of hypoxemia. Neuromuscular blocking agents were the most often used in line with recent ARDS guidelines [22] : half of the patients with a PaO 2 /FiO 2 ratio ≤ 100 were continuously paralyzed. More surprising is the limited use of prone positioning on the day of the study in the subgroup of severely hypoxemic patients, even if not all patients fulfilled ARDS criteria. Recourse to prone positioning was, for instance, less frequent than the use of inhaled NO, whereas the level of evidence widely favors prone positioning rather than inhaled NO during ARDS [23] [24] [25] .
Our study provides novel data about hypoxemia prevalence and management that could have implications for research and clinical practice. We provide an accurate prevalence of hypoxemia and stratification according to its severity even in those breathing spontaneously. This could help in the design of future interventional studies targeting these patients. In the clinical practice, physician should be alerted by the severity of hypoxemic non-intubated patients and the risk of mortality.
As we enrolled more than 90% of the screened patients, our observations were likely unbiased. However, our study has some limits. First, it was a point prevalence study and thus does not yield accurate data on incidence. By design, patients with prolonged stay had more chance to be included and are thus overrepresented in our study. Data on length of stay had then to be interpreted with caution and does not reflect accurately the mean length of stay of patients admitted in the ICU. Given the higher ICU length of stay of hypoxemic patients, one could hypothesize that the incidence of hypoxemia is lower than the prevalence. Conversely, some patients without hypoxemia on the day of study may have had hypoxemia before or after the study day during their ICU stay, and some hypoxemic patients may have been more severe. Likewise, our data on adjuvant therapies should be analyzed with caution as some, such as extracorporeal membrane oxygenation, cover a long period of time and so increase the chance of being present on the day of the study. Second, arterial blood gas was not analyzed in 31% of patients. In those cases, hypoxemia was assessed with an extrapolation of the PaO 2 /FiO 2 ratio from the SpO 2 / FiO 2 ratio. However, most patients classified as "hypoxemic" underwent arterial blood gas analysis on the day of the SPECTRUM study. Moreover, published data show that PaO 2 /FiO 2 can be accurately derived from the SpO 2 / FiO 2 ratio [12, 26, 27] and sensitivity analysis including only patients with arterial blood gases was consistent with our result on mortality. Third, we conducted our study in spring to avoid the inclusion during an influenza seasonal pandemic; thus, our results could have been different in other seasons. Fourth, the inclusion of patients with limitation of treatment could impact our results as invasive devices are less likely to be used and mortality is higher in these patients. However, this allows to report in an unbiased way our epidemiological data. Lastly, the difficulty of separating ARDS from non-ARDS in hypoxemic patients is well known. In our survey, the diagnosis of ARDS was based on the Berlin criteria given in the CRF, independently of the clinical judgment of the clinician. However, chest-X ray analysis was not independently assessed. Even though we found a percentage of ARDS similar to that found in other large cohorts, it has been shown that ARDS is largely underdiagnosed, especially in its mild forms [4] . Even in the era of the Berlin definition, ARDS continues to be underrecognized, especially because of concerns about the reliable interpretation of chest radiographs [28] . Finally, although we identified an independent association between hypoxemia and mortality, our study does not provide mechanistic explanations of this finding.
